
N A S A  T E C H N I C A L  
M E M O R A N D U M  

c 

CLASSIFICATION CHANGED 

UNCLASS~F~ED 

INVESTIGATION OF THE HEAT TRANSFER 
TO THE HL-IO MANNED LIFTING 
ENTRY VEHICLE AT A MACH NUMBER OF 8 

by Jumes C. Dunavant dnd Philip E. Everhurt 

Langley Reseurcb Center 
Langley Statio@, Humpton, Vu. 

N A T I O N A L  A E R O N A U T I C S  A N D  SPACE A D M I N I S T R A T I O N  WASHINGTON, D. C .  AUGUST 1964 u p4 c LA 2s i F 1 F "- c..* 



UNCLASSIFIED 

CLASSIFICATION CHANGED 

d - 7 /  
INVESTIGATION O F  THE HEAT TRANSFER TO THE 

HL- 10 MANNED LIFTING ENTRY VEHICLE 

AT A MACH NUMBER O F  8 

By J a m e s  C.  Dunavant and Phi l ip  E .  E v e r h a r t  

Langley Resea rch  Cen te r  
Langley Station, Hampton, Va. 

I GROUP 4 
Downgraded at  3 year intervals; 

declassif ied after 12 years I 
CLASSIFIED DOCUMENT-TITLE UNCLASSIFIED 

This material contains Information affecting the 

national defense of the United Stales within the 

meaning of the espionage laws, Ttlle 18.  U S C , 
Secs 793  and 794, the transmission ar revelation 

of which In any manner to on unauthorized person 

is prohibded by law 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
1 ! p q y  c - Y - \ E h )  *-,*\ e .  

1" ' 

L 



U N C LASS I FI ED 
C- 

INVESTIGATION OF TKE HEAT TRANSFER TO THE 

HL-10 MANNED LIFTING ENTRY V E H I C L E  

AT A MACH NUMBER OF 8* 

By James C.  Dunavant and Phi l ip  E. Everhart 
Langley Research Center 

SUMMARY 

An experimental investigation of a reentry configuration having a hyper- 
sonic l i f t - d r a g  r a t i o  of about 1.0 has been conducted t o  determine the  aerody- 
namic heating charac te r i s t ics  over t he  range of angle of a t tack  from 20° t o  60° 
which includes maximum l i f t - d r a g  r a t i o  and maximum l i f t  coe f f i c i en t .  Measure- 
ments of heat  t r a n s f e r  are compared with theoret ical  heating r a t e s  f o r  swept 
i n f i n i t e  cylinders of a r b i t r a r y  cross section. Along the  curved lower-surface 
center  l i n e  measured heat  t ransfer  and theory agree. Isolated cylinder theory 
predicted heating on the  leading edge t h a t  was from 20 percent t o  50 percent 
greater  than t h e  measured heating. The discrepancy i s  l a r g e s t  when the calcu- 
l a t e d  stagnation point i s  c loses t  t o  t he  tangency point of the leading edge and 
bottom surface. 
cases produced heating rates on the  elevons as high as a t  t he  nose stagnation 
point.  

Deflecting the trail ing-edge elevons downward 30' i n  some 

INTRODUCTION 

Studies of reentry a t  c i rcu lar  and supercircular ve loc i t ies  have shown the 
advantages of l i f t i n g  reentry t o  achieve low m a x i m u m  deceleration, l a t e r a l  
ranging capabi l i ty ,  and low heating rates a t  the expense of higher heat  loads. 
These s tudies  have encompassed t h e  range of hypersonic l i f t - d r a g  r a t i o  from 
about 0.5 t o  2.0. One such study ( r e f .  1) has indicated t h a t  a vehicle having 
a hypersonic l i f t - d r a g  r a t i o  of about 1 should be considered t o  s a t i s f y  the  
possible  requirements of a fu tu re  reentry vehicle. Therefore, a study of t h e  
problems and t h e  probable solutions associated with such an entry vehicle w a s  
undertaken a t  Langley Research Center. From t h i s  study has evolved the  
vehicle  designated HL-10. 

The concepts t h a t  l e d  t o  the  shape of the vehicle and some of t he  hyper- 
sonic aerodynamic charac te r i s t ics  of an ear ly  version of t he  HL-10 are pre- 
sented i n  reference 2. Aerodynamic investigations of finned configurations a r e  
reported i n  references 3 and 4. 

* T i t l e ,  Unclassified. 
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To obtain detailed heat-transfer distributions around the HL-10, an 
experimental investigation of the laminar heating characteristics was under- 
taken and the res-fits are descrlbed hei-eh. 
(with center dorsal fin E and tip fins D as defined in ref. 4) was tested in 
the Langley Mach 8 variable density tunnel at Reynolds numbers (based on model 
root chord) of 0.24 x lo6 to 2.70 x 106. 
attack from 20' to 600 and with elevons at deflection angles of Oo, T O o ,  and 

A caloi-?meter model of the KL-10 

The tests were made at angles of 

-60'. 

The complicated shape of the HL-10 largely prevents application of heat- 
transfer theories for simple shapes to the calculation of heating rates to the 
HL-10. However, the data have been compared with a theory for infinite cylin- 
ders of arbitrary cross section in order to determine the ability of such a 
theory to predict the level and distribution of heating to a blended wing-body 
combination. 
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T absolute temperature 

U ve loc i ty  

X7Y7 = model coordinates (see f i g .  1) 

CL angle of a t tack  (see f i g .  1) 

6e elevon def lect ion angle i n  plane normal t o  hinge l i n e ,  pos i t ive  with 
t r a i l i n g  edge down 

P dynamic v i scos i ty  

P densi ty  

Subscripts:  

e elevon 

t t o t a l  

2 condition behind normal shock 

W w a l l  

aw adiabat ic  w a l l  

00 free stream 

U s t a t i c  conditions j u s t  behind normal shock a t  free-stream Mach number 

APPARATUS AND TESTS 

Models 

HL-10 configuration.- A drawing of t he  HL-10 configuration used f o r  the  
hea t - t ransfer  model 8 inches long i s  shown in f igure  1. 
t e s t e d  i s  t h e  version reported i n  reference 2 with a v e r t i c a l  f i n  ( f i n  E of  
ref. 4) added a t  the  center on top t o  provide d i rec t iona l  s t a b i l i t y  and control  
a t  subsonic speeds and with canted t i p  f i n s  ( f i n  D of ref. 4) added t o  provide 
d i r ec t iona l  s t a b i l i t y  primarily a t  supersonic and hypersonic speeds. A t ab l e  
of body coordinates ( the  shape less t i p  f i n s  and center  f i n )  f o r  t he  HL-10 
hea t - t ransfer  model t e s t ed  i s  given i n  table  I. 

The configuration 

The lower surface of  t h e  configuration i s  e s sen t i a l ly  a blunt-leading-edge 
d e l t a  wing with negative camber. 
cy l ind r i ca l  leading-edge radius,  although t h e  leading edge i s  of constant 
radius  f o r  only about 90° of arc  beginning on t h e  lower surface. 
edge radius  i s  f a i r ed  i n t o  curves of l a rge r  radius which form the shape of 
upper surface. The lower surface i s  f l a t  i n  the spanwise d i rec t ion  and has 

The nose radius of the HL-10 i s  equal t o  the  

This leading- 
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curvature only i n  the chordwise direct ion.  
f i n s  i s  only one-third t h a t  of t he  nose and wing leading edge. 

The leading-edge radius of t he  t i p  

Model construction.- The thin-skin, calorimeter, heat- t ransfer  model w a s  
made of 1/32-inch-thick inconel sheet formed over a mandrel i n  two halves, then 
welded together. Two photographs of t h e  finished model a r e  shown i n  f igu re  2. 
Both skin sections were attached with screws t o  the  i n t e r n a l  s t ruc ture  only a t  
t h e  edges of t he  cutout and around the  elevons. 
faces were separately formed and welded t o  the main portion of the body. Sep- 
arate elevons were bent f o r  the three elevon angles, Oo, TO0, and -60°, and 
were attached t o  the  i n t e r n a l  s t ruc ture  only a t  t he  forward edge of the elevon. 
Upper and lower surfaces of the elevon a t  Oo were made i n  one piece but t he  
elevons deflected 30° and -60° were s p l i t  along a horizontal  l i n e  a t  t he  center 
of the t r a i l i n g  edge of t h e  elevon. 
bent along t h e i r  respective hinge l i n e s  t o  t h e  desired def lect ion angle. 
attachment of t he  upper surface cutout and the  elevons can be seen i n  the  
photographs of t he  model i n  f igure 2. 
b u t t  j o in t s  were f i l l e d  i n  and careful ly  dressed off before the  model w a s  
t e s t e d  . 

The t i p  and center f i n  sur- 

Both upper and lower elevon surfaces were 
The 

A l l  screw heads and small gaps a t  skin 

The mounting s t i n g  which was attached t o  the i n t e r n a l  s t ruc ture  entered 
t h e  model on the  top near t he  rear and a t  an angle of 30° t o  the center l i n e  of 
t he  model (posi t ion of t he  s t i n g  i s  shown i n  f ig s .  1, 2,  and 3 ) .  Strong i n t e r -  
ference e f f ec t s  on t h e  flow over the  upper surface i n  the  v i c i n i t y  of the ele-  
vons and center f i n  were produced. However, i n  view of t he  f a c t  t h a t  t h e  flow 
over the top surface i s  probably separated a t  these tes t  angles of a t tack (20' 
t o  60') and t h e  heat  t r a n s f e r  i s  very low, it was decided t o  s a c r i f i c e  t h e  
accuracy of the data  i n  t h i s  area t o  obtain interference-free data on the  lower 
sur f  ace. 

A second model of f i b e r  glass and r e s i n  w a s  constructed of t h e  HL-10 con- 
f igurat ion with 30° elevon se t t i ngs .  This model w a s  coated with a temperature- 
sensi t ive pa in t  and t e s t e d  a t  one tunnel condition. The color of t he  paint  
changed with temperature and, hence, f o r  shor t  exposure t o  the  stream indicates  
approximately the r e l a t i v e  degree of heat ing t o  the various pa r t s  of t h e  model. 

Model instrumentation.- The skin surface of t he  heat- t ransfer  model w a s  
instrumented t o  measure heating rates by spot-welding No. 30 iron-constantan 
thermocouples t o  the  inner surface a t  t h e  locat ions shown i n  figure 3 and 
l i s t e d  in  t a b l e  11. 
of the  model and along f i v e  spanwise s t a t i o n s  a t  
0.500, 0.750, and about 0.950. Skin thickness w a s  measured a t  each thermo- 
couple s t a t ion  and used i n  the  data reduction. The thermocouple leads are con- 
ta ined i n  t he  s t i n g  except f o r  t he  leads t o  t h e  instrumented elevons which were 
taped t o  the outside of t he  s t ing .  

The thermocouples are l a r g e l y  l a i d  out on the center l i n e  
x/c equal t o  0.125, 0.250, 

Tests and Data Reduction 

The model was tes ted  i n  t h e  Langley Mach 8 variable-density tunnel. 
brat ion data fo r  the nozzle of t h i s  tunnel are given i n  reference 5. 
nation conditions f o r  the tests were pressures of approximately 65, 250, and 

C a l i -  
The stag- 
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1000 lb/sq in. abs and temperatures of about 800°, 900°, and 1000° F, respec- 
tively. The resulting test-section Mach numbers for these conditions are 7.59 ,  
7.83, and 7.95, respectively, and the Reynolds numbers per foot are 0.35 x 106, 
1.16 x 106, and 3.98 x lo6. 

The heat-transfer data were obtained by means of a transient calorimeter 
technique. Steady-flow conditions are established in the test section with the 
model recessed in a chamber below the test section. 
are then injected into the test section and pass through the tunnel-wall bound- 
ary layer in about 0.05 second. 

The model and sting mount 

The heat-transfer data were obtained by recording the temperature-time 
history of the model on magnetic tape with a digital data recorder. This sys- 
tem sampled the output of each thermocouple at the rate of 20 times per second 
and the data thus recorded were reduced to heat-transfer coefficients by the 
following equation : 

The weight of the material per unit surface area was corrected for surface cur- 
vature. The change in temperature with respect to time required in this equa- 
tion was obtained by fitting a second degree polynominal by the method of least 
squares to a group of 21 data points obtained over a period of 1 second and 
differentiating this equation at the 11th pbint. The initial data point in the 
group falls between 1/4 and 1/2 second after the thermocouples first indicated 
an increase in the temperature of the skin. 
traces (six selected thermocouple outputs were continuously monitored), it was 
determined that this period of time was sufficient to include the injection 
period during which the model was in the tunnel boundary layer and the portion 
of the temperature variation strongly affected by the finite conduction normal 
to the surface. 

From continuous temperature-time 

The adiabatic-wall temperature required in equation (1) was a calculated 
value for a laminar recovery factor and a Prandtl number of 0.7. 
temperature was determined by assuming that the flow expanded isentropically 
from the pressure behind a normal shock to the Newtonian pressure at the point 
in question. 
static pressure. 

The local 

In the shadow region the pressure was assumed to be free-stream 

The heating rate was measured at 3/4 to 1 second after the initial temper- 
ature rise of the skin. During this period, in several of the tests, the model 
surface temperature rose as much as 150° F on the nose and on the surface of the 
elevon deflected downward 30°. In some areas, such as the one near the nose, 
the heating rate changes rapidly with distance along the surface and builds up 
large temperature gradients. The lateral surface temperature gradients that 
resulted in these tests were not large on the elevon but were enough in the 
region of the nose and the leading edge of the tip fins to cause significant 
lateral conduction of heat. Conduction estimates calculated for the worst con- 
duction conditions of the tests show that the measured heating may be less than 

-N””-t 5 
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t he  aerodynamic heating by a s  much a s  10 percent a t  the  stagnation point on t h e  
nose, 15 percent on the leading edge of the  t i p  f in s ,  and 5 percent on the  
leading edge of the body. 
been applied t o  the  data. 

N o  corrections fo r  l a t e r a i  conciuction of heat have 

The measured heat-transfer coeff ic ients  a r e  presented as the r a t i o  
where ho is  the reference stagnation-point heat-transfer coeff ic ient  on a 
sphere having the same radius a s  the nose. The values were calculated f o r  the  
par t icular  t e s t  conditions from the following re la t ion ,  which was adapted from 
reference 6: 

h/ho 

The stagnation-point veloci ty  gradient i s  obtained from the modified Newtonian 
theory fo r  the pressure d is t r ibu t ion  and i s  

The values of ho calculated f o r  the nominal t e s t  conditions a r e  shown 
i n  the  following table:  

h0 ? 

lb/sq in .  abs 1 1 Btu/ft2-sec-OF I Rc 

.0206 77 

.Ob3 
250 I 1000 

These values of ho a re  from 3 t o  percent greater  than t h a t  which would be 

predicted by a modified form of the  Fay and Riddell  equation f o r  the  heat t rans-  
f e r  t o  the  stagnation point of a blunt body i n  a perfect  gas.  
modification i s  given i n  r e f ,  7.) 
of the heating r a t i o  h/ho 
Mach number o r  d i r ec t ly  applicable t o  the  higher f l ight Mach number region. 
However, the changes i n  d is t r ibu t ion  (exclusive of the  elevons) t h a t  w i l l  occur 
a t  the higher f l i g h t  Mach numbers a r e  probably fairly small, and the r e s u l t s  
shown are believed t o  be representative of hypersonic flight f o r  equilibrium 
boundary layers.  

2 

(This pa r t i cu la r  
The measured and theo re t i ca l  d i s t r ibu t ions  

shown herein a r e  not expected t o  be invariant  with 

6 - 
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U J I F I E D  
THEORY 

To assess  the  p red ic t ab i l i t y  of t he  l eve l  of heating and d i s t r ibu t ion  of 
heating, t heo re t i ca l  values were calculated for  various portions of the  model 
and a re  compared with the  measured data a t  two representat ive angles of a t t ack ,  
300 and 500. Theory f o r  a swept i n f i n i t e  cylinder of a r b i t r a r y  cross sect ion 
w a s  used by considering the  model divided in to  spanwise s t r i p s  and ca lcu la t ing  
the  heat t r ans fe r  on the i n f i n i t e  cylinder of the  same cross sect ion as the  
body and on the  tangent t o  the body. 
w a s  neglected i n  accordance with t h e  sweepback pr inc ip le ,  and streamline 
divergence was not taken i n t o  account. 
90° segment of a cylinder forming the  leading edge w a s  calculated as though it 
were p a r t  of an i so l a t ed  i n f i n i t e  swept cylinder. 

The longitudinal component of the  flow 

In  addition, the  heat t r ans fe r  t o  the  

Stagnation-Line Distributions 

An expression adapted by Bertram and Everhart (eq. (10) i n  r e f .  7 )  from 
the Fay and Riddell  r e l a t i o n  f o r  laminar stagnation-point heating was used t o  
ca lcu la te  t he  heat ing along the center l i n e  of t he  model and the  stagnation 
l i n e  on the leading edge. This theory was applied t o  the  present configuration 
by using the  ve loc i ty  gradient as given i n  reference 7. 
i n  shape of the model spanwise cross sect ion a t  the  leading edge from a circu-  
lar  segment was neglected. 

Also,  t he  difference 

Spanwise Distribution of Heating 

Spanwise d i s t r ibu t ions  of heating were calculated as the  r a t i o  of l o c a l  
heat t r a n s f e r  t o  the  s t a p a t i o n - l i n e  heat t r ans fe r  by applying the  theory of 
Lees ( r e f .  8) t o  the  blunt  two-dimensional cross-sectional shape forming the  
body. 
s t r i p s ,  t he  calculat ion w a s  performed f o r  the  region from the stagnation l i n e  
a t  the  center  of t he  model t o  the  point on the edge of the  cross sect ion where 
t h e  surface i s  normal t o  the surface a t  t he  center of the  cross section. This 
theory i s  ca l led  the  "cross-flow theory" and i s  presented as the  r a t i o  of the  
l o c a l  heat ing t o  t h e  reference stagnation-point heating ho. The r e s u l t s  
obtained, with the  90° c i r c u l a r  segment forming the  leading edge assumed t o  be 
p a r t  of an i s o l a t e d  i n f i n i t e  swept cylinder,  are  ca l l ed  " i so la ted  cylinder 
theory." The pressure d i s t r ibu t ion  required t o  obtain these r e s u l t s  from Lees 
theory w a s  taken from the  data cor re la t ion  and extrapolat ion of reference 9. 
The data given i n  reference 9 a r e  pressures for  three-dimensional flow on disks 
of varying edge radii normal t o  the  flow. The stagnation-point veloci ty  gradi-  
en t  obtained from reference 9 was subsequently revised and presented i n  r e fe r -  
ence 7. This revised and more accurate stagnation-point veloci ty  gradient was 
used i n  ca lcu la t ing  the  stagnation-line heating but  it w a s  necessary t o  use the  
unrevised data  of reference 9 f o r  t he  spanwise pressure d is t r ibu t ions .  

I n  t h e  case wherein the  body w a s  assumed t o  be divided i n t o  spanwise 
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U N C L,XS I F I ED 
DISCUSSION OF RFSULTS 

Distribution of Heating Along Center Line 

The r a t i o  of t he  measured heat- t ransfer  coef f ic ien t  t o  the  calculated 
stagnation-point heat- t ransfer  coef f ic ien t  i s  presented i n  f igure  4 f o r  the  
angles of a t t ack  and un i t  Reynolds numbers tes ted .  The negative values of x/c 
a re  used t o  represent the heating on t h e  top center l i n e  of t h e  model. 
sentat ive side-view schl ieren photographs taken during the  t e s t s  w i t h  t h e  unde- 
f l ee t ed  elevons a r e  shown i n  figure 5 ,  and with the  def lected elevons i n  f ig -  
ure 6.  The lower surface near the  nose of the  HL-10 i s  seen t o  be nearly 
normal t o  t h e  flow a t  the  higher t e s t  angles of a t tack .  High pressures which 
exis ted i n  t h i s  region along with the small l o c a l  span of t he  forward port ion 
are t h e  apparent causes f o r  t he  high heat t r ans fe r  measured i n  t h i s  region. 
The e f fec t  of increasing the  stream Reynolds number by a fac tor  of about 10 i n  
t h e  tests i s  t o  decrease the  heating r a t i o  by about 20 percent.  
f i g s .  &(a )  and 4 ( c ) . )  The chordwise d is t r ibu t ions  of h/ho a re  similar a t  t he  
three  Reynolds numbers except f o r  the  two rearmost r a t i o s  a t  the  highest  angle 
of a t tack  i n  f igure  4(c) .  
of t h e  lower Reynolds numbers could be the  beginning of t r a n s i t i o n  but t he  data 
obtained here a re  in su f f i c i en t  t o  allow the  cause t o  be determined with cer- 
t a in ty .  The theo re t i ca l  r e s u l t s  f o r  t h e  center l i n e  compared with the  data i n  
f igure  4 show good agreement. Some of t h i s  agreement i s  probably for tu i tous ,  
fo r  t he  theory i s  used over a l o c a l  angle of a t t ack  ranging from about 15' t o  
TO0, probably beyond i t s  range of  usefulness. However, from t h i s  agreement, 
it appears t h a t  t he  pr inc ipa l  e f f ec t  t h a t  the  lower-surface curvature has on 
the  heat t r ans fe r  i s  a r e s u l t  of l o c a l  angle of a t tack .  

Repre- 

(See 

This apparent r i s e  i n  the  heating r a t i o  above t h a t  

Spanwise Distr ibut ions of Heating 

The measured spanwise d is t r ibu t ions  of heating a t  t he  f i v e  chordwise meas- 
x/c = 0.125, 0.250, 0.500, 0.750, and about 0.950 ur ing s ta t ions ,  

sented i n  f igures  7 t o  11, respect ively.  
ure  a r e  f o r  Reynolds numbers (based on the  root chord) of 0.24 x 10 6 , 
0.77 x 106, and 2.70 x lo6, respectively.  The d i s t r ibu t ions  p lo t t ed  begin on 
the  lower center l i n e  and extend, a t  x/c = 0.123, a l l  t h e  way around t o  t h e  
top center l i ne .  A t  x/c = 0.250, 0.500, and 0.750 t h e  d i s t r ibu t ions  extend 
around the goo a rc  leading-edge sect ion and w e l l  up onto t h e  r e l a t i v e l y  f l a t  
"side" o f  t he  vehicle.  The 
d is t r ibu t ion  a t  x/c = 0.950 
elevon surface and a l so  extends around t h e  t i p  f i n  including i n  t h i s  d i s t r ibu -  
t i o n  a thermocouple on the  leading edge of t he  t i p  f i n  and one on the  inner  
surface of the  t i p  f i n .  Generally, t he  s m a l l  t r end  of decreasing h/ho with 
increasing stream Reynolds number found a t  t h e  center  l i n e  i s  the  same f o r  t h e  
spanwise d is t r ibu t ions  when t h e  elevon is  not def lected.  

a r e  pre- 
Pa r t s  ( a ) ,  ( b ) ,  and ( e )  of each f i g -  

(See t h e  respective cross  sect ions i n  f i g .  3.) 
includes the  thermocouples located on the  lower 

The shapes of t he  cross sect ions a t  t h e  various s t a t ions  are formed by a 
f l a t  section ( i n  the  spanwise d i rec t ion)  a t  t h e  center  and a leading edge of 
c i rcu lar  cross section i n  a plane normal t o  t h e  leading edge. The leading edge 
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i s  so  nearly c i rcu lar  i n  the plane normal t o  the chord t h a t  t h i s  small d i f f e r -  
ence i s  disregarded. The constant leading-edge radius with the changing span 
from nose t o  t r a i l i n g  edge forms dissimilar spanwise cross sections. Some 
ef fec ts  of these diss imilar  cross sections and the  varying span dimension a re  
evident i n  the measured heat t ransfer .  A t  x/c = 0.125 and 0.250 ( f ig s .  7 and 
8) the heating on the center a t  high angles of a t t ack  i s  nearly a s  great as  the  
peak heating which occurs on the leading edge, whereas a t  a typ ica l  rearward 
s ta t ion ,  x/c = 0.750 
quently two t o  three times the  heating a t  the center of the wing lower surface. 

( f i g .  lo), the  peak heating on the leading edge i s  f r e -  

The cross-flow theory and the i so la ted  cylinder theory for  the a = 30° 
and a = 50° 
The cross-flow theory predic t s  no peak i n  the heating a t  the leading edge f o r  
the  forwardmost s ta t ion ,  x/c = 0.123 ( f i g .  7 ) ,  and only a small peak a t  the 
rearward s ta t ion ,  x/c = 0.730 ( f i g .  10). Much higher heating r a t e s  on the 
leading edge a r e  predicted by the i so la ted  cylinder theory fo r  a l l  chordwise 
s ta t ions .  
forward chqrdwise s t a t ion  shown i n  f igure 7, but a t  the  rear  s t a t ion  
(x/c = 0.730) the  two theories  d i f f e r  by a factor  of 3 or 4 ( f i g .  10) .  The data 
tend t o  f a l l  between these two estimates i n  both heating l eve l  and d is t r ibu t ion .  
A t  the  forwardmost s ta t ion ,  x/c = 0.123 i n  f igure 7, the  measured values show 
a peak which i s  of lesser magnitude than that estimated by t h e  i so la ted  cylin- 
der theory but more than t h a t  estimated by considering the  en t i r e  cross section 
t o  be an i so l a t ed  cylinder, as  was done i n  the cross-flow theory. A t  the  rear-  
ward s t a t ion ,  i n  figure 10, the l eve l  of heating a t  the center of 
the  model i s  accurately estimated by the  cross-flow theory and the peak meas- 
ured values on the  leading edge a re  several  times the  center-l ine values. Fur- 
thermore, t he  cross-flow theory dis t r ibut ions on the wing show only a small 
increase around the leading edge. The isolated cylinder theory overestimates 
the  heating. These r e s u l t s  corifirm previous statements t h a t  the  simplified 
assumptions made f o r  the  flow f i e l d  a r e  the  cause f o r  the  differences between 
the  calculated and measured values shown i n  figures 7 t o  10. In  the case of 
the  cross-flow theory, it was assumed t h a t  the component of the flow normal t o  
the  surface would determine the heat t ransfer .  This assumption was seen t o  be 
adequate f o r  t h e  center l i n e ;  however, t h i s  same component of flow could not be 
used i n  the  region of the  leading edge. 

conditions a re  compared with the measured data i n  f igures  7 t o  10. 

Maximum values predicted by t h e  two theories  a re  nearly equal a t  the 

x / c  = 0.750 

The i so l a t ed  cylinder theory uses the  component of flow normal t o  the 
leading edge; however, the  theory was derived f o r  a f u l l  cylinder i so la ted  from 
other surfaces and swept a t  some angle t o  the flow. I n  the  present study, t h i s  
theory has been applied t o  a leading edge, which i s  only approximately a No 
segment of a cylinder,  bounded on each edge by one f l a t  and one nearly f l a t  
surface tangent t o  the  cylinder surface. Furthemore, i n  some cases, the  ca l -  
culated stagnation l i n e  on the cylinder i s  located only about 6' of surface arc  
from the  f l a t  lower surface. This condition, which occurred a t  
a t  a = 50' ( see  f i g .  8) resul ted i n  the largest  difference (about 30 percent) 
between the  i so l a t ed  cylinder theory and the data.  Where the stagnation l i n e  
on the cylinder was calculated t o  be fa r ther  from the  f l a t  lower surface, the 
agreement between the  i so la ted  cylinder theory and the data i s  much be t t e r .  
Such a condition i s  shown i n  f igure 10 where x/c = 0.730 and a = 30'. Here 
the  calculated stagnation l i n e  on the cyl indrical  portion of the leading edge 

x/c = 0.250 
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was located approximately 44O from the  f l a t  lower surface. 
the  isolated cylinder theory overestimates the data by 19 t o  22 percent. 

For t h i s  condition 

Heat Transfer t o  Deflected Elevons 

Deflecting the elevons downward from the lower surface separates the flow 
over portions of the lower surface and produces some c r i t i c a l l y  high heating 
r a t e s  on the elevon surfaces. 
x/c 0.950, which includes the heating t o  the elevon surfaces, i s  shown fo r  
the undeflected elevon i n  f igure 11. The l eve l  of heating t o  the elevon sur- 
face i s  about the  same a s  on the center l i n e  a t  t h i s  s t a t i o n  but r i s e s  consid- 
erably toward the leading edge. The heat-transfer r a t e s  produced by def lect ing 
the  elevons 30° downward are  p lo t ted  against  the spanwise posi t ion i n  f igure 12 
and the chordwise posi t ion i n  f igure 13. On the  elevons the heating r a t io s  a r e  
strongly dependent on Reynolds number; the  highest heating r a t i o s  occur a t  the 
highest Reynolds numbers and the lowest a t  the  lowest Reynolds numbers. A s  
seen i n  f igure 12(c) ,  the  heat t r ans fe r  on the  30° elevon was, i n  some cases, 
a s  much a s  15 percent greater  than the  stagnation-point heat t ransfer .  These 
heating r a t e s  a re  the r e su l t  of the separation of the flow from the  lower sur- 
face and reattachment on the  elevon with the resu l tan t  high heating ra tes .  

The spanwise heat-transfer d i s t r ibu t ion  a t  

A sketch of the r e s u l t s  ( f ig .  14) of the test  made on the f iber-glass  

T h i s  
model of the  KL-10 coated with temperature-sensitive paint  shows the d is t r ibu-  
t i o n  of heating more c l ea r ly  than the  calorimeter data i n  f igure 12. 
sketch ( f i g .  14)  gives r e su l t s  f o r  conditions approximately equal t o  those of 
the  a = 40' t e s t  of f igure 12(b) .  The model was exposed t o  the  aerodynamic 
heating f o r  3 seconds by in j ec t ing  and r e t r ac t ing  the  model. 
having the higher heat t ransfer  changed color from the  o r ig ina l  pink t o  blue 
( f i r s t  color change) and then ol ive (second color change). Regions of lower 
heating changed only t o  blue and where the  heating w a s  very low the  surface 
remained pink. A region of higher heating i s  observed t o  cross the  elevons 
diagonally, near midchord of the elevon and th i s  region i s  believed t o  be the  
reattachment area. Examination of the  measured heat t r ans fe r  i n  f igure 12(b)  
or  13 for  t h i s  same condition, 
maximum heating on the  elevons i s  s imilar ly  located.  
heating moves toward the hinge l i n e  with increasing Reynolds number. The 
increase i n  the  l eve l  of heating on the  elevon wjth Reynolds number suggests 
t h a t  boundary-layer t r ans i t i on  i s  occurring over the  separated region and 
reattachment i s  changing from laminar t o  turbulent.  
heating on the elevons with increased angle of a t t ack  i s  i n  about t he  same pro- 
portion a s  the increase i n  heat t r ans fe r  t h a t  occurs a t  t h i s  s t a t ion  with the  
elevons not  deflected. 

The surface areas  

a = bo, shows t h a t  the  chordwise point of 
This point of maximum 

The increased l e v e l  of 

The extent of the  separation on the  lower surface caused by the elevons 
being deflected downward can be seen by comparing the  heat t r ans fe r  a t  
x/c = 0.750 
Laminar separation i s  strongly suggested by the  decrease i n  the heating r a t e  
which occurred when the elevon was def lected downward. 
and 10, laminar separation i s  indicated i n  a region i n  the  center of the  lower 
surface a t  a = 40' with some indicat ions a t  a = 30°. The span of the model 
i s  l e s s  a t  t h i s  s t a t ion  (x/c = 0.730) than a t  the  elevon s t a t i o n  (X/C  = 0.930) 
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fo r  the deflected and undeflected conditions, figures 15 and 10. 

By comparing f igures  15 



but t he  laminar separation i s  apparently confined t o  a center region of con- 
siderably less span than t h a t  of t h e  elevons. A t  t he  higher Reynolds number 
( f i g .  l ? ( b ) ) ,  s imi la r  regions of separation are shown -at  a l l  t h ree  angles of 
a t tack  (200, 30°, and 400). A t  t he  highest Reynolds number ( f i g .  l 5 ( c ) )  t h e  
heating a t  a = 30° a = 20° and 40° 
there  i s  evidence of some laminar separation a t  There i s  no 
increase i n  the  heat t r ans fe r  t o  the  lower surface which would ind ica te  t r a n s i -  
t i on  before separation. The chordwise d is t r ibu t ion  of heating along the  center 
l i n e  of t h e  model with the  elevons deflected 300 i s  presented i n  f igure  16 and 
shows t h a t  t he  laminar separated region does not extend much ahead of 

indicates  no laminar separation while a t  
x/c = 0.750. 

x/c = 0.625. 

The heat t r ans fe r  measured on the  elevons when they a r e  set a t  -600 i s  
shown i n  the  spanwise d is t r ibu t ions  f o r  p lo t t ed  i n  f igure  17. 
The heating, as would be expected a t  t h i s  condition, i s  low, 5 percent or less 
of the  stagnation-point heating. Deflecting the  elevons upward had no apparent 
e f f ec t  on the  heat  transfer t o  other lower surface s t a t ions  as i s  shown by com- 
paring t h e  heating of f igure  18 which i s  t h e  d i s t r ibu t ion  a t  x/c = 0.790 with 
the  elevon def lected upward, -600, with t h e  same conditions f o r  t he  undeflected 
elevon, f igure  10. 

x/c = 0.950 

The heat  t r ans fe r  t o  the  upper surface of t h e  elevons w a s  not la rge ,  
usual ly  less than about 2 percent of t he  stagnation-point heating. 
t i t i e s  a re  given i n  table I11 as t h e  r a t i o  of t h e  measured heat- t ransfer  coeff i -  
c ien t  t o  the  stagnation-point heat- t ransfer  coeff ic ient .  

These quan- 

Heat Transfer t o  Tip Fins 

The heat  t r ans fe r  t o  the  leading edge of t h e  t i p  f i n  i s  apparently not a 
great  problem. 
was about 40 percent of t h e  stagnation-point heating rate a t  
f i g .  11 or 12) and decreased a t  higher angles of a t tack .  A s  mentioned previ-  
ously, t he  t i p - f i n  leading-edge heating ra tes  are a f fec ted  by l a t e r a l  conduc- 
t ion ;  t h i s  e f f e c t  was estimated t o  increase the  heating r a t e  by only about 
15 percent.  
leading-edge thermocouple exactly on the  stagnation l i ne .  

The highest  heat t r ans fe r  measured on the  t i p - f i n  leading edge 
a = 20° (see 

A fur ther  e r r o r  may be caused by f a i l u r e  t o  loca te  the  t i p - f i n  

Additional measurements made a t  s ta t ions  on and around t h e  t i p  f i n s  a r e  
l i s t e d  i n  t a b l e  I11 (other  than x/c x 0.950 which i s  p lo t t ed ) .  Locations of 

‘these measuring s t a t ions  can be found i n  figure 3 and t ab le  11. Data f o r  some 
other thermocouple locat ions,  fo r  instance a few locations on t h e  upper surface,  
which are of less i n t e r e s t ,  are a l so  given i n  t a b l e  111. 

CONCLUSIONS 

A model of a manned l i f t i n g  en t ry  vehicle designated the  HL-10 has been 
t e s t e d  a t  a Mach number of 8 and a t  th ree  Reynolds numbers from 0.24 x 106 t o  
2.70 X 106 with three  elevon angles,  00,  30°, and -600. From measurements of 
t he  heat  t r a n s f e r  t o  t h e  configuration and comparison of these values with 

11 
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U I S I F  
theore t ica l  heating r a t e s  f o r  a swept i n f i n i t e  cylinder of a r b i t r a r y  cross 
section, the following conclusions were obtained: 

1. The heat t r ans fe r  measured along t h e  curved lower-surface center  l i n e  
i s  i n  agreement with t h a t  calculated f o r  t he  tangent i n f i n i t e  cylinder of 
similar cross sect ion f o r  the range of l o c a l  angles of a t t ack  from about 15' 
t o  700. 

2. Considering the  leading-edge segment t o  be an i so l a t ed  cylinder r e s u l t s  
i n  a prediction of heating which w a s  about 20 percent t o  percent grea te r  
than the measured heating. 
stagnation point  i s  c loses t  t o  the  tangency point of the  leading edge and f l a t  
bottom surface.  

The discrepancy i s  l a rges t  when t h e  calculated 

3. Deflecting the  elevons downward 30° causes laminar separation on the  
lower surface and reattachment heating r a t e s  on the elevons which vary grea t ly  
with Reynolds number. These heating r a t e s  may be greater  than the  stagnation- 
point heating on the  nose a t  some t e s t  conditions. 

4. Deflecting the  elevons upward -600 produced no change i n  heat ing t o  
the  lower surface of t he  body adjacent t o  the  elevons. Heating r a t e s  of l e s s  
than about 5 percent of the stagnation-point heating r a t e  were measured on the  
elevon. 

5 .  The maximum heat t r a n s f e r  t o  the  leading edge of t he  t i p  f i n s  a t  an 
angle of  a t t ack  of 20° i s  probably not much more than 40 percent of the  
stagnation-point heating r a t e  on the  nose, and a t  higher angles of a t tack ,  the 
heating i s  much l e s s .  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Stat ion,  Hampton, Va . ,  March 31, 1964. 
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l a  

3a 

45 
46 
47 
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58 

2 
67 
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70 
7 1  
72 
73 
74 
75 
76 
77 
78 

UNCLASS I FI ZD - 
TABLE 11. - THERMOCOUPLE I K A T I O N S  

2.267 
.667 
1 * 373 
1 * 635 
1.897 
2 * 159 
2.m 

Location 

Center l i n e ,  nose 
Center l i n e ,  upper surface 
Center l i n e ,  upper surface 
Center l i n e ,  upper surface 
Center l i n e ,  upper surface 
Center l i n e ,  lower surface 
Center l i n e ,  lower surface 
Center l i n e ,  lower surface 
Center l i n e ,  lower surface 
Center l i n e ,  lower sur face  
Center l i n e ,  lower surface 
Center l i n e ,  lower surface 
Center l i n e ,  lower surface 
Center l i n e ,  lower surface 
Center l i n e ,  lower surface 
Lower surf ace 
Leading-edge surface 
Leading-edge surface 
Upper surface 
Upper surface 
Upper sur face  
Lower sur face  
Leading-edge surface 
Leading-edge surface 
Upper surface 
Upper surface 
Upper sur face  
Lower surface 
Lower surface 
Leading-edge surface 
Leading-edge surface 
Upper sur face  
Upper surface 
Upper surface 
Lower sur face  
Lower sur face  
Lower sur face  
Lower surf ace 
Leading-edge surface 
Leading-edge surface 
Upper sur face  
Upper sur face  
Center l i n e ,  upper surface 
Upper surface 
Upper surface 
Upper sur face  
Upper sur face  
Center l i n e ,  lower surface 
Center l i n e ,  lower surface 
Center l i n e ,  lower surface 
Leading-edge surface 
Tip f i n ,  ou ter  surface 
Tip f in ,  ou ter  surface 
Tip f i n ,  inner  surface 
Tip f i n ,  ou ter  surface 
Tip f i n ,  ou ter  surface 
Tip f i n ,  leading edge 
Tip f i n ,  leading edge 
Center v e r t i c a l  t a i l  
Center v e r t i c a l  tail 
Tip f i n ,  inner  sur face  
Tip f i n ,  leading edge 
Tip f i n ,  ou ter  surface 
Elevon, upper surface 
Elwon, upper sur face  
Elevon, upper sur face  
Elevon, upper sur face  
Zlevon, upper surface 
Elwon, upper surface 
Elevon, Lower sur face  
Elevon, lower surface 
Elevon, lower surface 
Elevon, lower sur face  
Elwon,  lower sur face  
Elevon, lower surface 
Elevon, lower surface 
Elevon, lower sur face  
Elevon, lower surface 
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(a )  Bottom v i e w .  

(b)  Top v i e w .  L-64-3055 

Figure 2.- Photographs of HL-10 heat-transfer model. 
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( a )  Rc = 0.24 x lo6. 

Figure 4.- Variation of heat t r ans fe r  along center  l i n e  f o r  angles of a t t a c k  from 20' t o  60°. 
6e = 00. 
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(b) R, = 0.77 X lo6. 

Figure 4. - Continued. 

'- 

UNCLASSIFIED 

0 30 
0 LO n 50 
[1, 60 

1.0 

21 



22 

..o 

.9 

.8 

.7 

.6 

.5 

.4 

. 3  

.2 

.1 

0 

&CLASS I F I ZD 

-.4 -.2 0 .2 -4 .6 .8 1 .o 
x/c 

( C )  Re = 2.70 X 106. 

Figure 4.- Concluded. 

UNCLASSIFIED 
~ 



2 ’._ UNCLASSIFIED 

\D 
I n  
0 

3 
v3 

m 

A 

0 
0 
v3 

II 

d 

h 

U 
v 

5 
II 

8 

P 
v 

0 
0 (u 

I1 

d 

h 

rd 
Y 

.UNCLASSIFIED 



. . .  
F 

UNCLASSIFIEQ 

24 - 
U NCLASS t F I E D 



0 

UNCLASSIFIED - 

1.0 2.0 
s/D, 

3.0 

(a) Re = 0.24 x lo6. 

Figure 7.-  Spanwise d i s t r i b u t i o n  of heat t ransfer  a t  s ta t ion  
6, = 00. 

x/c = 0.125 a t  angles of a t t a c k  
from 20° t o  60'. 
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(b) Rc = 0.77 X lo6. 

Figure 7.- Continued. 
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( c )  Rc = 2.70 X 106. 

Figure 7 .  - Concluded. 
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( a )  Rc = 0.24 x lo6. 

Figure 8.- Spanwise d i s t r i b u t i o n  of heat  t r a n s f e r  a t  s t a t i o n  x/c = 0.250 a t  angles Of a t t a c k  
from 200 t o  60°. 6, = 0'. 



0 1.0 2.0 3.0 
9/41 

(b) Rc = 0.77 X lo6. 

Figure 8. - Continued. 
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( e )  R, = 2.70 X 106. 

Figure 8.-  Concluded. 
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(a) Rc = 0.24 x I O 6 .  

Figure 9.- Spanwise dlstribution of heat transfer at station x/c = 0.500 at angles of attack 
from 200 to 60°. Se = 00. 
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(b) R, = 0.77 X 106. 

Figure 9. - Continued. 
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Figure 9.- Concluded. 

*- 

UNCLASSIFIED 
33 



.3h 

.28 

.2c 

.l: 

.01 

. c. 

I 

0 

34 

U J CLASS I FI ED 
. t--* 

0 .4 .8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 
s/D, 

(a) Rc = 0.24 x lo6. 

Figure 10.- Spanwise distribution of heat transfer at station x/c = 0.750 at angles of attack 
from 20° to 60°. Ee = 00. 
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(a) Re = 0 . 2 4 X  IO6. 

Figure 11.- Spanwise distribution of heat transfer at station x/c FJ 0.950 at angles of attack 
from 200 to 600. = 00. 
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(b) Re = 0.77 X lo6. 

Figure 11. - Continued. 
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( c )  Rc = 2.70 X lo6. 

Figure 11.- Concluded. 
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(a) R, = 0.24 x 106. 

Figure l2.- Spanwise d i s t r ibu t ion  of heat t r a n s f e r  a t  s t a t ion  x/c = 0.950 for 
20°, 30°, and 40'. 6e = 30'. 
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Figure 12. - Continued. 
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Figure 13.- Chordwise distribution of heat-transfer ratio on elevon. 6e = 30°. 
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(a) Rc = 0.24 X lo6. 

Figure 15.- Spanwise distribution of heat transfer at station x/c = 0.750 for angles of attack of 
200, 300, and 400. 6,  = 300. 
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Figure 16.- Center-line distributions of heat transfer at angles of attack of 20°, 30°, and 40' 
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( c )  Rc = 2.70 X 106. 

Figure 16. - Concluded. 



.6 

.5 

.4 

. 3  

.2 

.1 

0 

(a) R, = 0.24 x lo6. 

Figure 17.- Spanwise d is t r ibu t ion  of heat t ransfer  a t  s ta t ion  x/c 0.950 f o r  angles of a t t a c k  of 
400, Xo,  and 60°. Se = - 6 0 ~ .  
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Figure 17. - Continued. 
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(a) R, = 0.24 x 106. 

Figure 18.- Spanwise distribution of heat transfer at station x/c = 0.750 for angles of attack of 
LO0, 50°, and 60°. 6e = -60'. 
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